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a b s t r a c t
Ptch1 and Ptch2 are highly conserved vertebrate homologs of Drosophila ptc, the receptor of the
Hedgehog (Hh) signaling pathway. The vertebrate Ptch1 gene encodes a potent tumor suppressor and is
well established for its role in embryonic development. In contrast, Ptch2 is poorly characterized and
dispensable for embryogenesis. In ﬂies and mice, ptc/Ptch1 controls Hh signaling through the regulation
of Smoothened (Smo). In addition, Hh pathway activation also up-regulates ptc/Ptch1 expression to
restrict the diffusion of the ligand. Recent studies have implicated Ptch2 in this ligand dependent
antagonism, however whether Ptch2 encodes a functional Shh receptor remains unclear. In this report,
we demonstrate that Ptch2 is a functional Shh receptor, which regulates Smo localization and activity
in vitro. We also show that Ptch1 and Ptch2 are co-expressed in the developing mouse limb bud and loss
of Ptch2 exacerbates the outgrowth defect in the limb-speciﬁc Ptch1 knockout mutants, demonstrating
that Ptch1 and Ptch2 co-operate in regulating cellular responses to Shh in vivo.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Sonic hedgehog (Shh) is an important regulator of patterning,
development and homeostasis in the embryo and adult (Hui and
Angers, 2011; Jiang and Hui, 2008). The Shh signal is transduced by
the transmembrane protein Patched 1 (Ptch1) through regulation
of Smoothened (Smo) (Chen and Struhl, 1996; Hooper and Scott,
1989; Ingham et al., 2000). In the absence of Shh, Ptch1 inhibits
Smo activity. Binding of Shh to Ptch1 alleviates this inhibition
resulting in Smo activation. The precise mechanism of Smo
activation is not known, but it requires the translocation of Smo
from the plasma membrane into the primary cilium (Corbit et al.,
2005; Dorn et al., 2012; Milenkovic et al., 2009; Rana et al., 2013;
Rohatgi et al., 2007, 2009; Wang et al., 2009; Wilson et al., 2009).
Accumulation of Smo in the primary cilium promotes the activa-
tion of transcription factors Gli1, Gli2 and Gli3, the effectors of Shh
signaling, and Gli target gene expression (Hui and Angers, 2011).
Ptch1 regulates Shh signaling through two distinct mechanisms
– ligand dependent antagonism (LDA) and ligand independent
antagonism (LIA) – which are conserved from ﬂies to mice
(Briscoe et al., 2001; Chen and Struhl, 1996; Goodrich et al.,
1996; Holtz et al., 2013). LIA refers to the ability of Ptch1 to
constitutively inhibit Smo in the absence of Shh. In contrast, LDA
involves the transcriptional up-regulation of Ptch1 mRNA and the
accumulation of Ptch1 protein at the cell surface in response to
Shh. It is believed that LDA serves to restrict the diffusion range of
the Shh ligand, thereby regulating the Shh gradient required for
patterning (Briscoe et al., 2001; Chuang and Mcmahon, 1999;
Holtz et al., 2013; Jeong and McMahon, 2005).
Elegant studies in the mouse neural tube demonstrated that
the Shh-target gene Hip (Hedgehog interacting protein) also
accumulates at the cell surface in response to pathway activation
and co-operates with Ptch1 to restrict the diffusion of Shh (Chuang
and Mcmahon, 1999; Holtz et al., 2013; Jeong and McMahon,
2005). This conﬁrmed that LDA is critical for establishment of
neuronal cell fate which is speciﬁed by discrete levels of Shh
pathway activity along the dorsoventral axis (Briscoe et al., 2001;
Chuang and Mcmahon, 1999; Jeong and McMahon, 2005).
Recent studies in the chick limb revealed that diffusion of
Shh is dependent on transport along stabilized ﬁlopodia and
direct transfer, from signal secreting to signal receiving cells. The
membrane glycoproteins Cdo and Boc are required for Shh signal
transduction and were shown to intercept the ligand on signal
receiving cells in the limb (Allen et al., 2011; Izzi et al., 2011;
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Kavran et al., 2010; Sanders et al., 2013). Cdo and Boc show both
overlapping and distinct expression patterns in Hh-responsive
tissues and their loss has tissue-speciﬁc effects, which partly
recapitulate the phenotype of the Shh / mutants (Chiang et al.,
2001; Kraus et al., 2001; Okada et al., 2006; Tenzen et al., 2006;
Zhang et al., 2006, 2011). Similarly, Gas1 is highly expressed in Hh-
responsive tissues of the chick and mouse where it binds and
promotes Hh transduction in signal receiving cells, particularly in
regions where ligand concentration is low (Lee and Fan, 2001; Lee
et al., 2001; Martinelli and Fan, 2007; Seppala et al., 2007).
Notably, Cdo, Boc and Gas1 form distinct complexes with Ptch1
and both in vivo and in vitro studies have demonstrated that these
glycoproteins are critical components of the signal transduction
machinery (Allen et al., 2007, 2011; Holtz et al., 2013; Izzi et al.,
2011; Seppala et al., 2007).
In addition to these proteins, vertebrates also encode a Ptch1
homologue – Ptch2 – which is expressed in many Shh-responsive
tissues, including the neural tube, the limb and the skin
(Motoyama et al., 1998a, 1998b; Pearse et al., 2001). Until recently,
the function of Ptch2 was poorly understood. Ptch2 mutant mice
(Ptch2 / and Ptch2lacZ/lacZ), generated in our laboratory, display
no overt developmental defects, and are viable and fertile
(Adolphe et al., 2014; Nieuwenhuis et al., 2006). Similarly, Ptch2
mutants independently generated by others are also grossly
normal (Holtz et al., 2013; Lee et al., 2006). This is in stark contrast
to Ptch1 / mutant mice, which are embryonic lethal by mid-
gestation (E9.5) and exhibit severe defects consistent with acti-
vated Shh signaling, including exencephaly, open neural tube and
cardiac defects (Ellis et al., 2003; Goodrich et al., 1997).
Recent work by Holtz et al. (2013) revealed that Ptch2 interacts
with Cdo, Boc and Gas1 in vitro and cooperates with Hip and Ptch1
to regulate the Shh gradient in the embryonic neural tube through
LDA. It remains unclear whether Ptch2 contributes to LIA as
evidence for a role for Ptch2 in Smo regulation and Shh signal
transduction is limited. In particular, over-expression studies
utilizing human PTCH1 and PTCH2 isoforms suggested that while
both homologs can bind and internalize Shh, only PTCH1 is able to
regulate the expression of a Shh-dependent luciferase reporter
(Carpenter et al., 1998; Motoyama et al., 1998a; Rahnama et al.,
2004). However, work from our laboratory and others has shown
that murine Ptch2 is able to inhibit the activity of Shh/Gli-
responsive reporters and that Ptch2 responds to Shh in transfec-
tion assays (Holtz et al., 2013; Nieuwenhuis et al., 2006). Further-
more, studies of zebraﬁsh somite and ﬁn development as well as
mouse skin development and brain tumorigenesis have suggested
that Ptch1 and Ptch2 play overlapping roles in pathway regulation
(Adolphe et al., 2014; Koudijs et al., 2008; Lee et al., 2006). Thus, it
is important to establish if Ptch2 functions as a receptor by
transducing the Shh signal and regulating Smo through LIA. To
address this question, we performed biochemical and genetic
experiments to determine whether Ptch2 is a functional Shh
receptor in vitro and in vivo. Our results indicate that, in the
absence of Ptch1, Ptch2 plays a critical role in the regulation
of Smo at the primary cilium. This LIA function of Ptch2 comple-
ments its role in LDA and gradient regulation in Shh signaling
(Holtz et al., 2013).
Results and discussion
Ptch2 over-expression reconstitutes normal Shh signaling in Ptch1 /
MEFs
Although Ptch1 and Ptch2 share 56% identity at the amino acid
level, it is not clear if their function is biochemically similar
(Kawamura et al., 2008; Motoyama et al., 1998a). The two proteins
differ mostly in the C-terminal region, which is truncated in Ptch2
(Carpenter et al., 1998). In vitro analysis suggests that both human
PTCH1 and PTCH2 bind to Shh and the Shh co-receptors Gas1, Cdo
and Boc (Bae et al., 2011; Carpenter et al., 1998; Holtz et al., 2013;
Izzi et al., 2011). However, mutant analysis revealed that their
requirement in mouse development is drastically different – while
Ptch2 / mutants are viable and fertile, Ptch1 / mutants are
lethal at E9.5 and exhibit severe defects consistent with hyper-
activation of Shh signaling (Goodrich et al., 1997; Lee et al., 2006;
Nieuwenhuis et al., 2006).
Holtz et al. (2013) recently demonstrated that Ptch2 inhibits
Shh signaling using luciferase reporter and chick neural tube
electroporation assays. However, it is unclear if Ptch1 and Ptch2
use the same mechanism to inhibit the pathway and if they work
together. It is well established that Ptch1 / mouse embryonic
ﬁbroblasts (MEFs) exhibit constitutive pathway activation (Rohatgi
et al., 2007; Taipale et al., 2000). Ptch2 is transcriptionally
upregulated in response to Shh and primary limb ﬁbroblasts,
derived from Prx1-Cre;Ptch1f/ mutant forelimbs (E12.5), exhibit
transcriptional upregulation of Ptch2 (Fig. S1A) suggesting that
these cells may be responsive to Shh. To address this question, we
treated Ptch1 / MEFs with recombinant Shh protein or carrier
(BSA) and assessed pathway activation. It was previously shown
that loss of Ptch1 results in constitutive Smo localization to the
primary cilium and pathway activation in MEFs (Rohatgi et al.,
2007). Consistent with this, we observe Smo localization in more
than 80% of primary cilia in Ptch1 / MEFs. Treatment with Shh,
but not BSA (carrier), results in a 410% increase in the number of
Smoþ primary cilia (Fig. 1A–C', quantiﬁed in Fig. 1D). This is
associated with a 1.4-fold increase in Gli1 (Fig. 1E) and 1.6-fold
increase in Hip (Fig. 1F) mRNA expression indicating that Ptch1 /
MEFs remain sensitive to Shh ligand. Similarly, we demonstrated
that Ptch1-mutant ﬁbroblast cells, derived from limbs of Prx1-Cre;
Ptch1f/ mutant E12.5 embryos, remain sensitive to Shh-
conditioned media as shown by upregulation of Gli2 (Fig. 1G)
and Gli1 mRNA (Fig. 1H). These ﬁndings are consistent with the
recent work of Alfaro et al. (2014), which demonstrated that
Ptch1 / cells remain sensitive to Shh independent of Ptch1
antiporter activity.
Previous studies showed that over-expression of Ptch1 is able
to partly rescue the phenotypes of Ptch1 / mouse mutants
(Milenkovic et al., 1999). To address the functional similarity
between Ptch1 and Ptch2, and to determine if Ptch2 mediates
Smo localization and Shh responsiveness in Ptch / MEFs, we
tested if retroviral infection with Ptch1HA and Ptch2myc con-
structs, can suppress constitutive pathway activity in Ptch1 /
MEFs (Fig. 2A–F). Ptch1 / MEFs were infected with retroviral
vectors carrying Ptch1HA-IRESGFP, Ptch2myc-IRESGFP or with an
empty vector (encoding IRESGFP) and GFPþ cells were selected by
ﬂow cytometry. To test if GFPþ cells expressed Ptch1HA or
Ptch2myc protein, we performed Western blot analysis on cell
lines after cell sorting for GFP. Incubation of whole cell lysates with
antibody against HA (Fig. S1D) or Ptch1 (Fig. S1E') detected
abundant Ptch1 protein in Ptch1 /::Ptch1HA cells. Similarly,
antibody against c-myc (Fig. S1E) and Ptch2 (Fig. S1D') detected
Ptch2 protein in Ptch1 /::Ptch2myc cells. Similar expression was
observed in membrane extracts from Ptch1 /::Ptch1HA and
Ptch1 /::Ptch2myc cells (data not shown). Notably, endogenous
Ptch2 level appears low in untreated Ptch1 / MEFs (Fig. S1D').
Anti-Ptch1 antibody could not detect endogenous Ptch1 in
Ptch2 / primary limb ﬁbroblast (control) (Fig. S1E'). This sug-
gested that retroviral infection followed by cell sorting successfully
enriched for Ptch1 / MEFs expressing high levels of exogenous
Ptch1 and Ptch2 protein. To compare the effects of Ptch1 and Ptch2
on Smo regulation, we examined Smo localization. We found that
96% of Ptch1 / MEFs exhibit constitutive localization of Smo to
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primary cilia (Fig. 2A and A', quantiﬁed in Fig. 2D). Over-
expression of Ptch2myc results in robust (5.4-fold) suppression of
ciliary localization (Fig. 2C and C', quantiﬁed in Fig. 2D), which
is comparable to the effects of Ptch1HA overexpression
(Fig. 2C and C', quantiﬁed in Fig. 2D). Retroviral infection was
associated with inhibition of transcriptional activity (Fig. S1B),
however, over-expression of either Ptch1HA or Ptch2myc leads to a
further, signiﬁcant reduction in the expression of Shh-target genes
Gli1 and Hip (Fig. 2E and F). This is consistent with the recent
study by Holtz et al. (2013) and demonstrates that Ptch2 is a
potent negative regulator of Shh signaling which acts directly
through Smo.
To test whether Ptch2myc can fully reconstitute Shh signaling in
Ptch1 / MEFs, we treated Ptch1 /::Ptch2myc cells with
recombinant Shh protein and assessed their responsiveness to
the ligand. Shh treatment effectively reversed Smo inhibition
(resulting in a 5.8-fold increase in ciliary localization) (Fig. 2G,
G', J–K', quantiﬁed in Fig. 2L) and activated the expression of
Gli1 (8.1-fold increase) (Fig. 2M) in Ptch1 / MEFs expressing
Ptch2myc. This response is comparable to that in Ptch1HA
overexpression (Fig. 2H–I', L and M). Similarly, Gli1 protein
expression was suppressed in the presence of Ptch1HA or
Ptch2myc, while Gli3R levels increased (Fig. S1C). Furthermore,
pathway inhibition by Ptch2myc or Ptch1HA could be reversed
efﬁciently by treatment with Smoothened Agonist (SAG), a drug
which activates Smo (Chen et al., 2002) (Figs. S2A–G). These
results suggest that Ptch2 is a functional receptor of Shh that
regulates Smo activity.
Fig. 1. Ptch1 mutant MEFs are responsive to Shh: (A–C') treatment with Shh promotes increased Smo (red) localization (A and A') to α-acetylated tubulin positive (green)
primary cilia (B and B') in Ptch1 / MEFs. (C and C') Merged image. (D) 1.16 fold increase in percentage of cells with Smo accumulation in the cilia upon Shh treatment. (E) 1.4
fold increase in the level of Gli1 mRNA and (F) 1.6 fold increase in Hip mRNA expression upon Shh treatment of constitutively activated Ptch1 / MEFs. (G and H) Limb
derived Prx1-Cre;Ptch1f/ ﬁbroblasts exhibit increased Gli2 (G) and Gli1 (H) mRNA levels upon treatment with Shh conditioned media indicating that they are also responsive
to further stimulation with ligand. *Statistically signiﬁcant difference, po0.05, Student's t-test.
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Ptch1 and Ptch2 are expressed in the ectoderm and mesenchyme
of the vertebrate limb
Next, we examined the functional overlap of Ptch1 and Ptch2 in
the developing mouse limb. Previously, we demonstrated that loss of
Ptch2 does not affect the patterning of the limb (Nieuwenhuis et al.,
2006). Similarly, homozygosity for a novel Ptch2 null allele (Ptch2lacZ)
does not affect digit patterning or development (Fig. S3A–G)
although Ptch2 mRNA is highly expressed in the limb (Marigo
et al., 1996; Motoyama et al., 1998b; Pearse et al., 2001). Notably,
loss of Ptch2 did not result in signiﬁcant changes in Ptch1mRNA (Fig.
S3H) and Ptch2 / primary limb ﬁbroblasts remained responsive to
Shh (Fig. S3I). We made use of lacZ reporter alleles of Ptch1 and Ptch2
to track expression across limb development. We showed that,
similar to the chick, the two genes are co-expressed in the Shh-
responsive posterior mesenchyme and apical ectodermal ridge (AER)
of the limb (Fig. 3A–F) (Bouldin et al., 2010; Pearse et al., 2001;
Scherz et al., 2007). However, Ptch1 exhibits an earlier onset and a
higher level of expression, in both the AER and posterior mesench-
yme, across all stages compared to Ptch2 (Fig. 3A–F, Figs. S3A, B, D,
and E). Cell sorting of lacZþ cell from Ptch2lacZ/þ embryonic limb
buds at E10.5 conﬁrmed that Ptch1 and Ptch2 are co-expressed in
Shh-responsive cells (Fig. S4G). Ptch1 and Ptch2 are expressed in
response to Shh in the neural tube and implicated in LDA in this
structure (Holtz et al., 2013). To test whether Ptch1 and Ptch2 are
regulated by Shh in the limb, we cultured wildtype primary limb
ﬁbroblasts, harvested from the forelimbs of E12.5 wildtype embryos,
with recombinant Shh protein at two different concentrations. We
demonstrated that treatment with Shh results in a 4300-fold
increase in the level of Ptch2 transcripts (Fig. 3G), and 40-fold
and 4200-fold increases in the levels of Ptch1 and Gli1 transcripts,
respectively (Figs. 3H and I) indicating that Ptch2, like Ptch1, is highly
upregulated in the presence of Shh ligand. Importantly, we did not
observe increased signaling with higher concentration of Shh (1 μg/
mL) suggesting that the lower concentration (0.1 μg/mL) is sufﬁcient
to achieve saturated signaling in wildtype limb ﬁbroblasts.
AER-speciﬁc deletion of Ptch1 in the Ptch2 null background results in
soft-tissue syndactyly
To test whether Ptch1 and Ptch2 share functional overlap in the
Shh-responsive tissues of the limb, we generated an AER and
ectoderm-speciﬁc conditional knockout of Ptch1, using Msx2-Cre
recombinase, and examined limb patterning in a Ptch2wildtype or
null background (Sun et al., 2000). Work by Bouldin et al. (2010)
demonstrated that Shh signals to the ectoderm as evident from
Ptch1-lacZ expression in the posterior AER. Consistent with these
ﬁndings, we observe high levels of expression of Ptch1-lacZ and
Ptch2-lacZ in the posterior AER (Fig. 3A'–D'). To examine the role of
Ptch1 and Ptch2 in the AER, we conditionally inactivated a Ptch1ﬂox
(Ptch1f) allele, with Msx2-Cre, in a Ptch1-heterozygous background
(either Ptch1 or Ptch1del alleles) (Ellis et al., 2003; Goodrich et al.,
1997). This allowed us to examine the role of Ptch1 in the AER and
the ventral ectoderm, while tracing pathway activity and expres-
sion of Ptch1 or Ptch2 using the lacZ reporter. Analysis ofMsx2-Cre;
Ptch1f/ limbs at E11.5 and E12.5 demonstrated that loss of Ptch1
in the AER resulted in constitutive pathway activation with the
expression of Ptch1-lacZ throughout this structure, including in the
anterior (Fig. S5A and B'). In Msx2-Cre;Ptch1f/d;Ptch2lacZ/þ mice, we
showed that there is a similar ectopic expression of Ptch2-lacZ in
the anterior AER, when Ptch1 is absent (Fig. S5C–D'). Together,
these data support the hypothesis that Shh signaling is active in
the AER and pathway activation, through loss of Ptch1, results in
elevated activation of Ptch1 and Ptch2 promoters.
Upregulation of both Ptch1 and Ptch2 in the mutant AER sug-
gested that the two proteins may co-operate in regulating Shh
Fig. 2. Ptch2 regulates Smo localization and Shh signal transduction in Ptch1 / MEFs. Smo (red) localization at primary cilia in Ptch1 / MEFs (A) and upon over-expression
Ptch1HA-IRESGFP (B) or Ptch2myc-IRESGFP (C). Primary cilia are marked by α-acetylated tubulin (green). Merged image (A'–C'). Percentage of cells with Smo localization at the
primary cilium was quantiﬁed (D). Retroviral over-expression of Ptch1HA-IRESGFP or Ptch2myc-IRESGFP also suppressed expression of Shh target genes Gli1 (E) and Hip
(F) quantiﬁed by qPCR. (G–K) Smo localization (red) in Ptch1 / MEFs (G) over-expressing Ptch1HA-IRESGFP (H-I) or Ptch2myc-IRESGFP (J and K) and treated with Shh protein
or carrier (BSA). (G'–K') Merged image highlights localization to α-acetylated tubulin positive (green) primary. Boxes highlight location of individual cilia. (L) Percentage of
cells with ciliary localization of Smo across treatments. (M) Treatment with Shh promotes activation of Gli1 expression in Ptch1HA-IRESGFP or Ptch2myc-IRESGFP expressing
Ptch1-/- MEFs. *Statistically signiﬁcant difference, po0.05, Student's t-test, **Statistically signiﬁcant difference, po0.01.
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signaling in the ectoderm. Previously, Bouldin et al. (2010) proposed
a model for ectodermal–mesenchymal cross talk as a means to
regulate the number and activity of Shh-expressing cells and the
AER. According to this model, high Shh signaling in the AER is
expected to reduce Shh signaling in the posterior of the limb through
the Shh/FGF/Gre loop. Although we did not observe a change in the
expression of AER marker Fgf8 at E11.5 (Fig. 4A–C), we detected a
reduction in the size of Shh positive domain (Fig. 4D and F) as well as
an anterior shift in the expression of Gre in Msx2-Cre;Ptch1f/d;
Ptch2lacZ/lacZ double mutants (Fig. 4G–I).
To determine how changes to Shh/FGF/Gre signaling affect limb
development, we examined the phenotype of Msx2-Cre;Ptch1f/
and Msx2-Cre;Ptch1f/d;Ptch2lacZ/lacZ mutants. Both single and dou-
ble mutant embryos died at birth due to ectopic expression of
Msx2-Cre, and Shh pathway activation, in the head. This led to a
failure to form parts of the parietal and frontal bones of the skull
and the overlying ectoderm as well as defects in eye development
(Fig. 5A–C). Analysis of skeletal patterning of Msx2-Cre;Ptch1f/-
and Msx2-Cre;Ptch1f/d;Ptch2lacZ/lacZ mutants at E18.5 revealed no
anterior–posterior digit patterning defects in the forelimb or the
hindlimb, suggesting that Ptch1 and Ptch2 expression in the AER is
dispensable for AP pattern formation (Fig. 5D–I). However, the
limbs of double mutants were smaller than wildtype and exhibited
delayed ossiﬁcation at E18.5 (Fig. 5D–I) consistent with a role for
Shh/FGF signaling in limb outgrowth (Sun et al., 2002; Verheyden
and Sun, 2008), although we cannot discount the possibility that
this is secondary to growth retardation in the double mutants. To
assess whether the digit pattern was affected prior to ossiﬁcation,
we examined expression of Col2a1 mRNA as a marker of conden-
sing mesenchyme in E12.5 limbs by RNA in situ hybridization. We
found that at E12.5 the size and shape of limbs is grossly normal in
the single mutant (Fig. 5D'–G'), but double mutant limbs exhibit a
slight delay Col2a1 expression, particularly in the hindlimb where
Msx2-Cre is expressed earlier (Fig. 5H' and I').
While the single and double mutant limbs did not exhibit severe
skeletal defects, both genotypes developed soft tissue syndactyly
(digit fusion/webbing), leading to a cupped or clasped appearance of
the hands and feet (Fig. 5J–L). The phenotype was fully penetrant and
both Msx2-Cre;Ptch1f/- and Msx2-Cre;Ptch1f/d;Ptch2lacZ/lacZ mutants
were affected to the same degree. Analysis of the limbs between
E12.75 and E14.5 revealed ectopic expression of Ptch2-lacZ on the
ventral side of mutant limbs indicating constitutive pathway activa-
tion due to expression of Msx2-Cre (Fig. 5M and M'). Elevated
pathway activity did not affect the induction of Msx2 gene in the
interdigital mesenchyme, but its expression persisted longer in the
mutants compared to the wildtype (Fig. 5N and N') (Lallemand
et al., 2009). Additionally, interdigital cell death was reduced and
delayed in the double mutant compared to wildtype (Fig. 5O and O').
Fig. 3. Ptch2 is upregulated in Shh-responding cells of the limb. (A–F) LacZ staining reveals Ptch1-lacZ and Ptch2-lacZ expression pattern in forelimb buds of reporter mice
across development. (G–I) Primary limb mesenchyme cells from E12.5 wildtype embryos were cultured in the presence of low (0.1 mg/mL) or high (1 mg/mL) concentration of
recombinant Shh protein, or equivalent volume of BSA (carrier) for 24 h. Treatment with either concentration of Shh resulted in a 300-fold increase in Ptch2 mRNA
expression assessed by qPCR (G), and similar increases in level of Ptch1 (H) and Gli1 mRNA (I). **Statistically signiﬁcant difference, po0.01 (Student's t-test).
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This suggested that constitutive pathway activation in the ventral
ectoderm may interfere with interdigital cell death resulting in soft
tissue digit fusions. Notably, there were no differences in the severity
of the phenotype between the single and the double mutants,
indicating that Ptch2 does not compensate for the loss of Ptch1 in
the ectoderm and that the phenotype may be driven solely by ectopic
pathway activation due to loss of Ptch1 in the ventral ectoderm.
Collectively, these data suggest that Ptch1 and Ptch2 expression in the
AER is not required for normal AP patterning but promotes regula-
tion of the Shh/FGF signaling loop and limb outgrowth.
Ptch1 and Ptch2 cooperate to regulate Smo in limb mesenchyme
in vitro and in vivo.
To determine whether Ptch1 and Ptch2 cooperate in patterning
of the limb mesenchyme, we examined how loss of Ptch2 affects
pathway activity in Ptch1-null ﬁbroblasts derived from E12.5
mutant and control limbs. Wild-type and Ptch2-/- limb ﬁbroblasts
exhibit very low levels of ciliary localization of Smo (o2% of all
ciliated cells) (Fig. 6A and B', quantiﬁed in Fig. 6E). In contrast,
Ptch1-null ﬁbroblasts, derived from Prx1-Cre;Ptch1f/ mutant
limbs, exhibit constitutive pathway activation with ciliary localiza-
tion of Smo in about 50% of the cells (Fig. 6C and C', quantiﬁed in
Fig. 6E). Notably, loss of Ptch2 in the Ptch1-null background (Prx1-
Cre;Ptch1f/;Ptch2 /) resulted in a 20% increase in the number of
cells with Smoþ cilia (Fig. 6D and D', quantiﬁed in Fig. 6E). These
results indicate that, in the absence of Ptch1, Ptch2 regulates Smo
localization in the primary cilia. Consistent with this, both Prx1-
Cre;Ptch1f/ and Prx1-Cre;Ptch1f/;Ptch2 / cells exhibit high
levels of pathway activation indicated by high levels of Gli1 and
low levels of Gli3R protein (Fig. 5F, lane 3–4). Notably, double
mutant cells exhibit a near complete absence of both full-length
and truncated repressor isoforms of Gli3, the main transcriptional
repressor of Shh signaling. These ﬁndings indicate a higher level of
pathway activation upon loss of both Ptch homologs and suggest
that Ptch2 cooperates with Ptch1 in negative regulation of Smo.
Fig. 4. Deletion of Ptch1 and Ptch2 in the AER perturbs the Shh-Fgf signaling loop. Whole-mount RNA in situ hybridization analysis ofMsx2-Cre;Ptch1f/ mutant limbs in a wildtype
or Ptch2 mutant background reveals no changes in the expression of Fgf8 (A-C). Decreased expression of Shh is observed upon loss of Ptch1 and Ptch2 (panel F in D–F). Ectopic
expression of Gremlin is observed in the anterior of the limb upon loss of Ptch1 (G–H) and this is further exacerbated upon loss of Ptch2 (I). All images show hindlimbs at E11.5.
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Ptch1 and Ptch2 play overlapping roles in digit outgrowth
and speciﬁcation.
To test whether the functional overlap between Ptch1 and Ptch2
is biologically signiﬁcant, we compared the phenotype of Prx1-Cre;
Ptch1f/ and Prx1-Cre;Ptch1f/;Ptch2 / mutant forelimbs. We and
others have previously demonstrated that loss of Ptch1 results in
severe oligodactyly and outgrowth defects in the embryonic limb
(Fig. 7A and B) (Butterﬁeld et al., 2009; Zhulyn et al., 2014).
Notably, loss of Ptch2 in this background exacerbates the out-
growth defect and completely abolishes digit formation in a dose-
dependent manner (Fig. 7C and Fig. S6A–D'). Recently, we found
that the outgrowth defects in the Prx1-Cre;Ptch1f/ forelimb are
due to precocious activation of Shh signaling which interferes with
the establishment of signaling centers and anterior progenitor
speciﬁcation (Zhulyn et al., 2014). Here, we show that the Prx1-
Cre;Ptch1f/;Ptch2 / mutant phenotype is also driven by the
same mechanism with constitutive pathway activation throughout
the limb exempliﬁed by increased expression of Gli1 (Fig. 7D–F,
data not shown). As in the Prx1-Cre;Ptch1f/ mutants, pathway
activation is associated with failure to establish normal Shh and
Fgf8 signaling which drives limb outgrowth (Fig. 7G–L) (Butterﬁeld
et al., 2009; Scherz et al., 2004; Zhulyn et al., 2014). Constitutive
pathway activation also promotes ectopic induction of ‘posterior'
markers, such as Hand2, and inhibits speciﬁcation of anterior
identity, marked by Alx4, resulting in the re-speciﬁcation of the
entire mutant limb to a posterior fate (Fig. 7M–R).
To quantify how loss of Ptch2 affects pathway activity in vivo, we
compared the expression of Gli1 and Hip in E10.5 forelimbs from
Prx1-Cre;Ptch1f/ and Prx1-Cre;Ptch1f/-;Ptch2 / mice and demon-
strated a 2–3 fold further increase in pathway activity upon loss
of Ptch2 (Fig. 6S and T) and a consistent increase in Gli1 protein and
decrease in the level of Gli3R (Fig. 6U). These ﬁndings illustrate that,
in the absence of Ptch1, Ptch2 is a potent negative regulator of Shh
signaling, which plays a compensatory role in inhibiting Smo, and is
involved in limb outgrowth and digit speciﬁcation.
Fig. 5. Ptch1 and 2 activity in the AER is dispensable for normal skeletal pattern.Msx2-Crewas used to delete Ptch1 in the AER and ventral ectoderm in wildtype or Ptch2 null
background. (A–I) Alcian blue and Alizarin red staining of embryonic (E18.5) skeletons. (A–C) the heads of Ptch1 and Ptch1;Ptch2 mutants are small and exhibit a failure of
ossiﬁcation in the parietal and frontal bones due to ectopic expression of Msx2-Cre in the head and face. (D–H) The forelimbs and (E–I) hindlimbs of single and double
mutants are smaller than wildtype and exhibit delayed ossiﬁcation, however anterior–posterior patterning of long bones and digits appears normal in mutants. RNA in situ
hybridization for Col2a1 shows no gross changes in the pattern of developing digits in (D'–I') the forelimbs (FL) and hindlimbs (HL) of single and double mutants at E12.5,
however double mutants exhibit developmental delay. (J–L) Soft tissue syndactyly results in a clasped appearance of the forelimbs and hindlimbs in single and double
mutants at E18.5. Analysis of wildtype (M–O) and Ptch1;Ptch2 double mutant limbs (M'–O') demonstrates ectopic activation of Ptch2-lacZ in the anterior AER (red arrow) and
ventral ectoderm of the mutant limb (M'). Ectopic pathway activation is associated with normal expression of Msx2 (N') but delayed apoptosis of interdigital tissues (O')
(white arrow).
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Ptch1 and Ptch2 play overlapping and complementary roles in Smo
regulation
In this work, we demonstrate that Ptch2 is a functional receptor
for Shh and plays a critical role in the LIA of Smo. This function
complements its role in LDA and gradient regulation (Holtz et al.,
2013). However, while Ptch2 exhibits similar regulatory properties
and expression patterns as Ptch1, it is expressed at lower levels
than Ptch1 throughout development, and is somewhat less effec-
tive than Ptch1 at suppressing Smo or responding to Shh
(Carpenter et al., 1998; Holtz et al., 2013; Motoyama et al.,
1998a; Rahnama et al., 2004). Consistent with these differences,
phylogenetic analysis indicates that Ptch1 and Ptch2 cluster into
distinct subgroups (Motoyama et al., 1998b). Their key difference
lies in the shorter C-terminal tail of Ptch2, which lacks a conserved
PPXY motif that promotes protein turnover, conferring a higher
Ptch2 protein stability (Carpenter et al., 1998; Kawamura et al.,
2008; Lu et al., 2006). Together with our ﬁndings, these biochem-
ical differences support the idea that Ptch1 is the primary Shh
receptor whereas Ptch2 plays a minor compensatory role in signal
transduction. In contrast, high level induction of Ptch2 in response
to Shh signaling as well as its lower turnover rate suggest that
Ptch2 might play a more prominent role in LDA (Carpenter et al.,
1998; Holtz et al., 2013; Kawamura et al., 2008). Though Ptch1 and
Ptch2 are highly expressed in response to pathway activation, the
greater stability of Ptch2 (Kawamura et al., 2008) coupled with its
apparently lower afﬁnity for the ligand (Kd 1.8 nM for Ptch2 and
1.0 nM for Ptch1) (Carpenter et al., 1998), and its capacity to
transduce Shh suggest that Ptch2 might contribute to the sensing
and transducing the Shh gradient over time and space. In addition,
Ptch1 and Ptch2 belong to the RND (resistance nodulation divi-
sion) family of proteins. Some members of this family, including
Ptch1, are thought to form trimeric complexes (Liu et al., 2006,
2009; Tseng et al., 1999). A compelling hypothesis is that upregu-
lation of Ptch2, in response to Shh signaling, might alter the
composition of Ptch complexes at the cell surface, which could
regulate the spread of Shh and/or alter the cellular responsiveness
to the Shh gradient.
Until recently, Ptch2 was an unappreciated component of the
Shh signaling cascade. Work from our laboratory and others has
highlighted its importance in LDA in the neural tube (Holtz et al.,
2013) and pathway regulation in the skin (Adolphe et al., 2014;
Nieuwenhuis et al., 2006), however little was known about its
biochemical properties. This work attempts to examine the
overlapping roles of Ptch1 and Ptch2 in vivo and to highlight
their common function in regulating Smo. While this work was in
revision, a critically important analysis of the role of Ptch2 in Shh-
responsiveness of Ptch1-/- MEFs and neuralized embryoid bodies
was published (Alfaro et al., 2014). This study, together with our
work, reveals that Ptch2 is an important regulator of Shh
signaling.
Materials and methods
Generation of Ptch1HA and Ptch2myc expressing cell lines
Ptch1HA and Ptch2myc cDNA was subcloned into the pMIG
mammalian retroviral expression vector and used to infect Ptch1 /
 MEFs (Taipale et al., 2000). pMIG contains an IRESGFP which was
used for ﬂuorescent sorting of infected cells. Ptch1HA or Ptch2myc
expression in GFPþ cell cultures was assessed by Western blot
analysis. Ptch1 was detected using a goat anti-Ptch1 polyclonal
antibody (1:500 dilution, G-19, sc-6149, Santa Cruz), Ptch2 was
detected using a rabbit anti-Ptch2 antibody (1:1000 dilution, L849,
Cell Signaling), HA was detected using a mouse monoclonal anti-
body (1:2000 dilution, F7, Santa Cruz), and c-myc was detected
using a rabbit polyclonal antibody (1:1000 dilution, A-14, sc-789,
Santa Cruz).
Mouse lines and embryo analysis
Analysis was performed using the following strains Ptch2-
(Ptch2tm1) (Nieuwenhuis et al., 2006), Ptch2lacZ (Adolphe et al.,
2014), Ptch1ﬂox and Ptch1del (Ellis et al., 2003), Ptch1lacZ (Goodrich
et al., 1997), Prx1-Cre (Logan et al., 2002), Msx2-Cre (Sun et al.,
Fig. 6. Ptch2 regulates Smo activity in vivo: (A–D) Merged images show Smo (green) localization to primary cilia marked by α-acetylated tubulin (red) in limb ﬁbroblasts
derived from forelimbs of E12.5 wildtype and mutant embryos and examined at conﬂuency. (A'–D') Location of cilia is highlighted by α-acetylated tubulin (red). Nuclei are
stained with DAPI (blue). (E) Ptch1;Ptch2 double mutant cells exhibit signiﬁcantly higher percentage of Smoþ primary cilia compared to Ptch1 single mutants. (F) Gli1 protein
level is increased, Gli2 is unchanged and Gli3 is not detected, in Ptch1;Ptch2 double mutant cells. Lane 1 – wildtype; lane 2 – Ptch2mutant; lane 3 – Ptch1mutant; and lane 4
– double mutant limb ﬁbroblast lysates.
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2002). Mouse lines were maintained on an outbred CD1 back-
ground and all animal work was performed in compliance with
protocols and regulations established by the Hospital for Sick
Children Animal Care Committee. For embryonic analysis and cell
harvest we set-up timed matings, with the day of the vaginal plug
scored as E0, and harvested embryos into PBS at the speciﬁed
stages. Embryos were ﬁxed in 4% paraformaldehyde (PFA) for RNA
in situ hybridization, in 80% ethanol for skeletal staining, or in
X-gal ﬁxative solution (2.7% formaldehyde (252549-500ML,
Sigma), 0.02% Nonidet-P40 (BDH), 0.1 M phosphate buffered saline
(PBS)) for whole-mount lacZ staining. Fresh limb buds were
dissected on ice and snap frozen in liquid nitrogen, for subsequent
analysis by Western Blot or qPCR, or dissociated for primary cell
culture.
Fig. 7. Ptch2 is required for digit patterning and outgrowth in the absence of Ptch1. (A–C) Col2a1 in situ hybridization indicates progressive truncation of the limb and digit
loss upon deletion of Ptch1 and 2. (D–F) Ectopic expression of Gli1 throughout the limb mesenchyme observed upon loss of Ptch1 or Ptch1 and Ptch2. * Prx1-Cre;Ptch1f/;
Ptch2þ / littermate shown for comparison (E). (G–L) Abnormal expression of Shh at the periphery of the limb, and loss of Fgf8 in the AER, observed in the double mutant and
Ptch1-mutant control. (M–R) Ectopic expression of Hand2 and loss of Alx4 indicate abnormal AP patterning in the single and double mutant. Analysis of E10.5 forelimb mRNA
indicates that loss of Ptch2 results in increased expression of Gli1 (S) and Hip (T) in the absence of Ptch1. (U) Western Blot analysis of forelimb lysates indicates elevated Gli1
and loss of Gli3R in Ptch1 and Ptch1;Ptch2 at E11.5.
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Primary limb ﬁbroblast culture
Forelimb buds of mutant (Prx1-Cre;Ptch1f/ , Prx1-Cre;Ptch1f/;
Ptch2 / and Ptch2 /) and control embryos, at E12.5, were
dissected out and minced into small pieces in 1 PBS. The tissue
was incubated in 1 Trypsin–EDTA (TE) (15400-054, Gibco) for
15 min at 37 1C, pelleted in 15%FBS–DMEM (FBS F2442-500ML,
Sigma; DMEM 11965-092, Gibco; penicillin/streptomycin 15140-
122, Gibco) and plated on 96-well plates. After expansion, 2.1105
cells were seeded on gelatin-coated cover slips and allowed to
grown to conﬂuence in 15%FBS–DMEM before immunostaining
was performed as described.
Immunostaining and Smo localization
Ptch1 / mouse embryonic ﬁbroblasts (MEFs), over-expressing
Ptch1HA or Ptch2myc, or primary limb ﬁbroblasts, were seeded on
gelatin-coated cover slips and grown to conﬂuence in 10%FBS–DMEM,
or 15%FBS–DMEM media with penicillin/streptomycin. Cells were
moved to “starvation” media (0.5%FBS–DMEM, with penicillin/strep-
tomycin) during the ﬁnal 48 h of growth and treated with ShhN
protein (0.1 μg/mL or 1 μg/mL) (rmShh C2511-N R&D 464-5H, Cedar-
lane), SAG (0.1 μm or 1 μM, Santa Cruz: sc-202814), or carrier in 0.5%
FBS–DMEM in the ﬁnal 24 h. Immunostaining was performed follow-
ing F. Charron, with cells ﬁxed on coverslips in 4%PFA at 4 1C, blocked
in 1PBS with 10% goat serum (CL1200, Cedarlane) and 0.1% TritonX-
100 (X100-1L, Sigma) for 1 h. Samples were incubated with primary
antibodies against Smo (1:100, LS-A2668, MBL International Corpora-
tion) and α-acetylated tubulin (1:1000, T6793, Sigma) overnight at
4 1C, washed in 1 PBS with 1% goat serum and 0.1%TritonX-100, and
incubated with TRITC, FITC, or Alexa488 (all 1:1000 dilution; 111-025-
144 and 115-096-003 Jackson Laboratories; A11034, Invitrogen) sec-
ondary antibodies for 1 h at room temperature. Samples were washed
and mounted in media containing DAPI (H-1200, Vector) and imaged
using a Zeiss Axiovert 200M inverted ﬂuorescence microscope. To
quantify changes in Smo localization, we performed at least three
independent replicates of each experiment. 10–20 ﬁelds of view were
randomly selected and imaged for each slide and Smo localizationwas
assessed. Statistical signiﬁcance was determined using Student's t-test.
Phenotype analysis: whole-mount lacZ staining, in situ hybridization
and skeletal staining
Samples were ﬁxed in X-gal ﬁxative for 15 min (E9.5) to
overnight (4E12.5), washed in X-gal buffer (1PBS, 0.002 M
MgCl2, and 0.02% Nonidet-P40) and stained overnight at 37 1C in
staining solution containing 2 mM MgCl2, 0.02% Nonidet-P40,
5 mM K4Fe(CN)6 3H2O (P-8131, Sigma), 5 mM K3Fe(CN)6
(P-9387, Sigma), and 50 mg/mL X-gal in dimethylformamide. The
samples were washed in 1PBS and cleared and imaged in
methanol. For RNA in situ hybridization, samples were ﬁxed
overnight in 4%PFA and processed as described (Nieuwenhuis
et al., 2006). Hybridization was performed using the following
dioxigenin-labelled RNA probes: Col2a1 (M. Metsaranta), Shh
(A. McMahon), Fgf8 (A. Tanaka), Gli1 (A. Joyner), Alx4 (H. Masuya),
Hand2 (M. Scott). Samples were cleared in methanol and imaged
using a Leica Fluorescence Stereoscope. For skeletal staining,
samples were collected at E18.5 and P2 and processed following
standard protocols as previously described (Nieuwenhuis et al.,
2006). Limbs were imaged in 50% glycerol:50% ethanol.
Cell sorting and in vivo lacZ assay
Homozygous Ptch2lacZ/lacZ animals were crossed to wildtype
(CD1) to generate litters of heterozygous Ptch2lacZ/þ embryos.
Litters were dissected at E10.5 and limbs were dissociated by
mechanical separation followed by treatment with 1TE (20 min
at 37 1C). Following resuspension in 15%FBS–DMEM, cells were
pelleted and in vivo lacZ assay was performed following manu-
facturer's instructions using the Marker Gene in vivo lacZ
ß-Galactosidase Intracellular Detection Kit (Marker Gene Technol-
ogies, Inc. M0259). Samples were incubated with FDG reagent for
25 min then pelleted, re-suspended in sorting buffer (1%FBS, 1 mM
EDTA, 1PBS) and ﬁltered. Propidium iodide (PI) (P3566, Invitro-
gen) was added to a ﬁnal dilution of 1:1000. Samples were sorted
into lacZ positive and negative fractions using a BD FACS Aria II cell
sorter (BD Biosciences) and collected into 15%FBS–DMEM. After
collection, samples were pelleted and resuspended in 500 μL of
Trizol. RNA extraction was performed following standard methods
(Zhulyn et al., 2014).
Western blot and qPCR
Western Blot analysis was carried out using previously
reported methods (Zhulyn et al., 2014). For detection of Ptch1
and Ptch2 protein preparations were incubated with ß-
mercaptoethanol at 37 ºC for 15 min, for detection of Gli1, Gli2
and Gli3 incubation was performed at 95 ºC for 5 min. Protein was
detected using a rabbit polyclonal antibody against Gli1 (1:1000
dilution, V812, Cell Signaling), rabbit polyclonal antibody against
Gli2 (1:1000 dilution, Vijitha Puviindran, Hui Lab) (Zhulyn et al.,
2014), goat polyclonal antibody against Gli3 (1:1000 dilution,
AF3690, R&D), and mouse monoclonal antibody against Actin
(1:10,000 dilution, CPO1 Ab-1, Calbiochem). RNA was extracted
with Trizol reagent (15596018, Ambion) as described previously
(Li et al., 2012). Each experiment utilized at least three indepen-
dent biological replicates and was repeated at least two times.
qPCR was carried out using TaqMan Universal PCR master
mix (4324018, Applied Biosystems) and TaqMan Gene Expres-
sion Assay probes for mouse Gli1 (Mm00494646_m1), Hip
(Mm00469580_m1), Ptch1 and Ptch2. Gapdh (Mm03302249_g1)
was used as the endogenous control for normalization. Gene
expression was assessed using the 2ΔΔCt method and statistical
signiﬁcance was conﬁrmed using Student's t-test as described
previously (Zhulyn et al., 2014).
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